Abstract: Alectorioid lichens are the dominant group of epiphytic lichens in boreal forests. Epiphytic lichen richness and abundance generally increase with stand age and within-stand heterogeneity. The objective of this study was to evaluate the importance of time elapsed since the last fire, stand structure, tree size, tree age, and branch height for epiphytic lichen biomass of the boreal forest of western Quebec. We sampled 12 sites belonging to four forest age classes (from 50 to >200 years). We assessed epiphytic lichen biomass of three species groups (Bryoria, Evernia, and Usnea) on 12 trees in each site. Our results showed that biomass of Bryoria and Usnea was higher in intermediate stages (between 101 and 200 years) compared with younger (50-100 years) and older (>200 years) stages. Biomass of the three species groups was greater on larger diameter trees (>16 cm) compared with smaller ones (<16 cm). These results indicate that the protection of postfire stands aged between 101 and 200 year should be prioritized to maintain the functional role of epiphytic lichens in managed landscapes.
Introduction
Fires play a predominant role in initiating stand succession in boreal forests (Payette 1992) . In western Quebec, postfire succession is generally characterized by the progressive replacement of young, relatively dense even-aged black spruce (Picea mariana (Mill.) BSP) stands by more open stands with irregular structure that are mostly dominated by the same species. In this area, the flat topography, the presence of clay soils, and the cold climate also favour an accumulation of the organic matter with time (the process of paludification; Fenton et al. 2005; Simard et al. 2007) . As a result of this process, old forests (>200 years) are often paludified and relatively unproductive compared with younger stands because the organic layer is a poor substrate for tree growth compared with mineral soil (Simard et al. 2007 ). Because these different postfire successional stages are likely to represent different habitat qualities for the various organisms present in boreal forests, understanding the relationships between successional types and biodiversity is a priority before sustainable management practices can be implemented.
Epiphytic lichens are an ubiquitous group in boreal forests. Within epiphytic lichens, alectorioid lichens of the genus Alectoria, Bryoria, Usnea, and Evernia are dominant on conifer branches (Brodo and Hawksworth 1977; Esseen et al. 1997) . However, in the eastern boreal forest of Canada, the ecology of these groups is still relatively poorly understood (e.g., Laflamme-Lévesque et al. 1983; Arseneau et al. 1997; Boudreault et al. 2002) , and knowledge of consequences of even-aged management on these organisms are even more limited (Rheault et al. 2003; Boudreault et al. 2008) . Nonetheless, epiphytic lichens are known to play an important role within the ecosystems. During winter for example, when the snow pack is deep and the terricolous lichens inaccessible, woodland caribou (Rangifer tarandus (L., 1758)) feed on epiphytic lichens, mainly Bryoria spp. (Edwards and Ritcey 1960; Rominger et al. 1996) . Bryoria are also an important part of vole and northern flying squirrel (Glaucomys sabrinus (Shaw, 1801)) diets (Sharnoff and Rosentreter 1998) . Many invertebrates feed on lichens or use lichens as shelter (Gunnarsson et al. 2004) . Lichens are part of many food webs that include invertebrates and their predators. For example, decline of songbirds in Sweden was associated to a reduction of invertebrates through a reduction in lichen abundance due to forestry (Pettersson et al. 1995) . Lichens are also used by animals for nest building: Bryoria are used by northern flying squirrel and Usnea by the northern parula (Parula americana (L., 1758)) (Sharnoff and Rosentreter 1998) . Other ecological processes may be altered by epiphytic lichen decline. For instance, epiphytic lichens contribute to nutrient cycle by absorbing the air nutrients and releasing them into the ecosystem as leachates and litterfall (Knops et al. 1991) .
At the stand scale, epiphytic lichen richness and abundance generally increase with stand age and within-stand heterogeneity (Lesica et al. 1991; McCune 1993; Esseen et al. 1996) . Factors such as substrate availability, longevity, and diversity (Hilmo 1994; Esseen et al. 1996; Arseneau et al. 1997) , as well as environmental factors such as light penetration (McCune 1993; Neitlich 1993) , could have an importance in this respect. These variations between stand types could also be explained by the relative abundance of trees with different sizes, crown structures, and branch characteristics. For instance, large trees have more biomass of epiphytic lichens than small trees (McCune 1993; Lyons et al. 2000; Campbell and Coxson 2001) ; biomass increases generally with branch age, diameter, and length (Esseen et al. 1996; Arseneau et al. 1997; Goward 1998) ; peak of biomass is usually found at intermediate tree height (Lang et al. 1980; Arseneau et al. 1997; Lui et al. 2000) ; and vertical zonation of epiphytic community related to gradients in canopy microclimate and changes in tree structure with tree height is often observed (McCune 1993; Arseneau et al. 1997; Campbell and Coxson 2001) .
The general objective of this study is to better understand the importance of the various forest stand ages for epiphytic lichens to choose appropriate silvicultural and conservation approaches to maintain their abundance and to preserve the ecological processes associated with epiphytic lichens in managed landscapes. In the context of the Clay Belt area acquiring such knowledge is particularly urgent for stand types aged between 101 and 200 years old, which are subjected to a very high harvesting pressure because they contain a high wood volume compared with relatively immature stands and old paludified stands (Simard et al. 2007 ). The specific objectives of this study were to compare biomass of three lichen taxa (Bryoria, Evernia, and Usnea) across classes of time elapsed since the last fire at three levels: the stand, tree, and branch levels. Following what has been mentioned in the literature, our main hypothesis is that large and old trees of overmature uneven-aged forests in this forest ecosystem will have the larger biomass of epiphytic lichens. With increasing forest stand age, we expected an increase in substrate quality for epiphytic lichens (larger and older trees) but a decrease in substrate quantity (stem density) mainly due to canopy openings.
Methods

Study area
The study was undertaken in a black spruce -feathermoss forest in the northwestern part of the Abitibi region of . This region is part of the northern Clay Belt, a broad physiographic unit characterized by lacustrine deposits from the proglacial lakes Barlow and Ojibway (Vincent and Hardy 1977) . Clay soils are predominant in the region, the topography is relatively flat, and the forest mosaic is dominated by black spruce stands (Rowe 1972) . At the southern part of the study area (weather station located at La Sarre) and in the northern part of the study area (weather station located at Matagami), mean annual temperature are, respectively, 0.7 and -0.7 8C, mean annual precipitation are, respectively, 890 and 906 mm, and mean annual snow precipitation are, respectively, 247 and 314 cm (Environment Canada 2000) .
Lichen species in the study
We studied fruticose epiphytic lichens because they are the dominant epiphytic group in boreal forests. The three genera of fruticose lichens that we studied are Bryoria, Usnea, and Evernia, the only taxa of fruticose lichens present in the study sites. The most common and abundant Bryoria and Usnea species in our study area were Bryoria trichodes (Michx.) Brodo 
Sampling
Based on a previous fire history reconstruction by Lecomte et al. (2005) , 12 stands distributed across four ageclasses (50-100, 101-150, 151-200 , and >200 years) were selected for this study. The chronosequence has been validated via stem analysis (Lecomte et al. 2006) . In situ analysis of the forest floor and detailed analyses of slope, soil texture, and fire severity were undertaken to insure that initial conditions were similar for all stands (for more details on site selection see Lecomte et al. 2005) .
For all stands, diameters at breast height (DBHs) of all trees within a circular plot of 400 m 2 were measured to calculate stem density and basal area. To study the within-stand and within-tree epiphytic lichen distribution, we selected randomly three trees for each DBH class (8.0-12.0, 12.1-16.0, 16.1-20.0, and >20 cm) , for a total of 12 trees per stand and 144 trees for the study. However, because it was not always possible to find three trees per class within the plot, the number of trees per DBH class may vary in the analyses.
The trees were felled and the number of branches (>50 cm long) in three canopy height classes (lower canopy, 0-5.0 m from ground level; intermediate canopy, 5.1-10.0 m; and upper canopy, 10.1-15.0 m) were counted. Within each height class, we systematically collected the branches longer than 50 cm that were closest to 1.5, 3.0, and 4.5 m above the lower limit of each class (i.e., three branches per height class per tree). We then measured the length of each branch, assessed its vitality (dead or live), and evaluated the proportion of the branch covered with bark in three classes (on <30%, 30%-70%, and >70% of the branch surface). In some cases, few branches were present in the lower height class or in the higher height class and only one or two branches per class were collected. A total of 831 branches were brought back to the laboratory. At the base of all trees, one disk was collected, and growth rings were counted to assess the age of the trees.
In the laboratory, the lichens were sorted by taxa (Bryoria spp., E. mesomorpha, and Usnea spp.) and weighed (to the nearest 0.0001 g) after drying at 60 8C for 24 h. This was done on all branches for E. mesomorpha and Usnea spp. Because Bryoria spp. were much more abundant, this taxon was sorted on a subset of 473 branches selected randomly within each height class and each tree. On the remaining 347 branches, the Bryoria spp. biomass was estimated by the clump method, which consists in visually comparing lichen accumulations on a given branch to standard units of lichen of known mass (Campbell et al. 1999) ; thus, lichen mass is estimated according to how many standard units are present on that branch. We conducted linear regression between the estimates and lichen biomass measures on a subset of 88 branches, and we used the regression equation to correct the Bryoria estimates. The estimates and the measured biomass values were natural log transformed (ln X + 1) prior to the analyses to conform to the normality and homoscedasticity assumptions of regressions. Bias introduced by correcting estimates with natural log transformed data was corrected by adding a constant (s 2 = ffiffi ffi n p ) to the regression equation (see Campbell and Coxson 2001) . The resulting
)) was applied to the estimates of lichen biomass, where Y is the regression corrected lichen biomass for each branch, X is the estimated lichen biomass for each branch, and s 2 = ffiffi ffi n p is the natural lognormally distributed errors. The regression equation was ln (Y + 1) = 0.1667 + 1.7419 Â ln (X + 1) + 0.0043; r 2 = 0.884. The antilog of the outputs of the regression was calculated to convert the estimates to grams per branch.
Statistical analyses
Biomass values across age and DBH classes were analysed (i) at the branch level, (ii) at the tree level, and (iii) at the stand level. Lichen biomass at the branch level for each taxa was analysed using a nested two-way analysis of variance (ANOVA) model. Age and DBH classes were fixed factors; sampling site was a random factor nested within age class; and sampling tree was a random factor nested within the interaction of sampling site, DBH class, and age class. Response variables were the biomass per branch for each lichen taxa. Three outlier values for mass of Bryoria were removed (11.7, 18.5, and 25.0 g). Analyses were performed with the MIXED procedure of SAS (SAS Institute Inc. 2002) . Denominator degrees of freedom were calculated using Satterthwaite's approximation (Littell et al. 1996) . Because the MIXED procedure does not compute an F test for the variance component of random effects, the significance of the random effect was calculated with the likelihood ratio statistic, which was computed by taking the difference between the -2 restricted maximum likelihood estimator loglikelihood of the model containing the random effect and the model without the random effect, as suggested by Littell et al. (1996) . Significant differences (p 0.05) between classes in all ANOVAs analyses were detected with least squares means Tukey honest significant difference tests. Data were square-root transformed (x 0.5 + (x + 1) 0.5 ) to satisfy the normality and homoscedasticity of the ANOVAs. Differences in branch length between age and DBH classes were also tested with the same nested two-way ANOVA model.
Mean biomass values, mean branch length, and number of branches per height class were compared among height classes with one-way ANOVAs. Biomass values were rank transformed, and branch lengths were log transformed to satisfy the assumptions of ANOVAs. We also ran one-way ANOVAs with branch length as a covariate to evaluate if the effect of height class was still significant after controlling for branch length.
To estimate the biomass per tree (n = 144), the biomass of each lichen taxa in each height class was calculated by multiplying the number of branches by the mean biomass per branch in that height class, and the biomasses from all height classes were subsequently added up. Nested two-way ANOVA models were used to compare lichen biomass at the tree level among age classes and DBH classes. Age class and DBH class were fixed factors, and sampling site was nested within age class (random factor). Satterthwaite's approximation was used to calculate the denominator degrees of freedom (Littell et al. 1996) . Logarithmic transformations of Bryoria, Evernia, and Usnea data were applied to meet the assumptions of ANOVA. We also used nested two-way ANOVA models to compare tree age, tree height, and number of branches per tree between age and DBH classes (fixed factors) with sampling site nested within age class (random factor).
To explore the relationships between Bryoria, Evernia, and Usnea biomass and tree age by controlling the influence of tree DBH, we performed linear or polynomial regressions between the residuals of the regressions between biomass values and tree DBH against tree age. Relationships between tree DBH and biomass values without the influence of tree age were also explored by regressing the residuals from the regressions between biomass values and tree age against tree DBH. Because tree height was highly correlated with tree DBH (see Table 1 ), results of the partial regressions between tree height and biomass values are not presented.
The biomass estimated at the tree level of each species group was converted to biomass at the stand level (400 m 2 ) by attributing the mean biomass of that DBH class and age class combination to each tree from a given DBH class present in the stand. Total stand biomass was the summation of all tree biomass values. Stand biomass was then converted to biomass per hectare. One-way ANOVAs were used to test for differences in biomass at the stand level (per hectare) among age classes. Differences in overall stem density and basal area of sampled stands were also tested among age classes with one-way ANOVAs.
Results
Stand, tree, and branch characteristics
Significant differences in stem density and basal area among age classes were detected by ANOVAs (tree density: F 3,11 = 5.16, p = 0.028; basal area: F 3,11 = 9.42, p = 0.005). Tree density and basal area were highest in stands between 50 and 100 years old, but differences were only significant in stands >200 years old for stem density and in stands >150 years old for basal area (Table 1) . Stem density and basal area were strongly positively correlated (r = 0.911, p < 0.001, n = 12). Spearman correlations between variables measured at the tree level are shown in Table 2 . Tree height was positively correlated with tree DBH and number of branches per tree. Branch number showed a negative correlation with tree age and a positive correlation with tree DBH. Tree age was higher in older stands, and the smaller trees were significantly younger (Tables 1 and 3) . Tree height did not vary according to age classes but increased with tree DBH (Tables 1 and 3) . Branch length varied with tree DBH but not within age classes (Table 4) . Branches were longer on trees >16 cm DBH (Table 1) . Branches were significantly shorter in the upper canopy (F 2,394 = 10.57, p < 0.001) ( Table 1) . Age class and tree DBH had a significant effect on the number of branches (Table 3) , with youngest stands and trees >16 cm DBH having the highest number of branches (Table 1) . Number of branches also varied among height classes (F 2,395 = 55.16, p < 0.001) with highest values in height class 5.1-10.0 m, followed by height-class 10.1-15.0 m and height-class 0-5.0 m (Table 1) .
Lichen biomass at the branch level
Pooled over the 12 sites, Bryoria biomass per branch (0.715 ± 1.455 g; mean ± SD) was 10.4 and 44.7 times higher than Evernia (0.069 ± 0.133 g) and Usnea (0.016 ± 0.044 g), respectively. Bryoria occurred on 87.8% of the sampled branches compared with 72.6% for Evernia and 52.0% for Usnea. There was 2 times more Bryoria and 1.3 times more Evernia on live branches compared with dead branches; however, there was no difference for Usnea. Branches covered by bark (on >70% of the branch surface) had 2.7, 2.3, and 1.6 times more Bryoria, Usnea, and Evernia, respectively, compared with branches with 30%-70% of bark and 4.1, 5.0, and 1.7 times more Bryoria, Usnea, and Evernia, respectively, than branches with almost no bark (on <30% of the branch surface). Percentages of branches with bark (>70%) is greater in the 5.1-10.0 m (88.5%) and 10.1-15.0 m (98.8%) height classes compared with the 0-5.0 m height class (44.9%).
Nested two-way ANOVAs revealed that biomass per branch differed significantly among age classes for Bryoria and Usnea and among DBH classes for all lichen taxa Table 1 . Mean (± SD) of stand, tree, and branch characteristics for each age class, diameter at breast height (DBH) class, and height class. Table 3 . Two-way ANOVAs summary for the effects of age class (age) and tree diameter at breast height (DBH) on tree age (n = 143), tree height (n = 139), and number of branches (n = 144). Significant p values are given in boldface. The random effects site (age class) and tree (site Â age class Â DBH class) were tested with the likelihood ratio statistic. The likelihood values for tree age, tree height, and number of branches were 46.7 (p < 0.05), 6.4 (p < 0.05), and 5.1 (p < 0.05), respectively. Table 4 . Nested two-way ANOVAs summary for the effects of age classes (age) and tree diameter at breast height (DBH) on biomass per branch of Bryoria (n = 812), Evernia (n = 812), and Usnea (n = 816) and on branch length (n = 828). Note: Significant p values are given in boldface. The random effects site (age class) and tree (site Â age class Â DBH class) were tested with the likelihood ratio statistic. The likelihood values for the random effect site (age class) for Bryoria, Evernia, Usnea, and branch length were 63.1 (p < 0.05), 24.5 (p < 0.05), 7.2 (p < 0.05), and 3.2 (p > 0.05), respectively. The likelihood values for the random effect tree (site Â DBH class Â age class) for Bryoria, Evernia, Usnea, and branch length were 55.2 (p < 0.05), 3.4 (p > 0.05), 1.5 (p > 0.05), and 5.8 (p < 0.05), respectively. Fig. 1 . Biomass of Bryoria (n = 812), Evernia (n = 812), and Usnea (n = 816) at the branch level by age class (a) and diameter at breast height (DBH) class (b). Bars are means of untransformed data, and error bars are SDs. Nested two-way ANOVAs were used to compare means among different age classes and DBH classes. Means with different letters differed significantly (p 0.05) according to least squares means Tukey's honestly significant difference tests. (Table 4) . Bryoria biomass was significantly lower in 50-100 year class (Fig. 1a) . Usnea biomass was higher in stands between 101 and 200 years old compared with stands between 50 and 100 years and >200 years old (Fig. 1a) . The lowest biomass of Bryoria per branch was found on trees between 8 and 12 cm DBH (Fig. 1b) . Biomass of Evernia and Usnea were higher on trees >16 cm DBH (Fig. 1b) .
Bryoria
Biomass of the three taxa varied among the height classes (Bryoria: F 2,394 = 10.08, p < 0.001; Evernia: F 2,394 = 3.40, p = 0.034; Usnea: F 2,394 = 8.20, p < 0.001); they all had more biomass in height class 5.1-10.0 m (Fig. 2) . When branch length was added as a covariate in the models, the height classes were still significantly different for Bryoria and Usnea (Bryoria: F 2,393 = 8.43, p < 0.001; Evernia: F 2,393 = 0.95, p = 0.39; Usnea: F 2,393 = 4.79, p = 0.009), but the differences were significant only between the 0-5.0 m and 5.1-10.0 m classes. Branch length had a significant positive influence on lichen biomass (Bryoria: F 1,393 = 52.89, p < 0.001; Evernia: F 1,393 = 51.50, p < 0.001; Usnea: F 1,393 = 77.57, p < 0.001).
In the youngest age class, the percentages of the total lichen biomass occupied by Bryoria and Evernia were lower (75.2%) and higher (22.9%), respectively, compared with the other age classes (overall means: Bryoria = 91.2%; Evernia = 6.9%).
Lichen biomass at the tree level
Age class had a significant effect on the biomass of Bryoria, and tree DBH had a significant effect on the biomass of all lichen taxa (Table 5) . Bryoria biomass in age class 50-100 years was 3.7 and 4.9 times lower compared with biomass in age classes 101-150 and 151-200 years, respectively (Fig. 3a) . Biomass of Bryoria, Usnea, and Evernia were significantly higher on trees from DBH classes 16.1-20.0 and >20 cm (Fig. 3b) .
Regressions analyses between the residuals (from the regressions between biomass values and tree age) and tree DBH are significant for the three taxa (Bryoria: r 2 = 0.287, p < 0.001; Evernia: r 2 = 0.253, p < 0.001; Usnea: r 2 = 0.212, p < 0.001, Fig. 4) . Biomass of the three taxa increased linearly with tree DBH (Fig. 4) . Relationships between the residuals (from the regression analyses performed between tree DBH and biomass values) and tree age showed a significant quadratic relationship with tree age for Bryoria and Usnea (Bryoria: r 2 = 0.285, p < 0.001; Evernia: r 2 = 0.007, p = 0.629; Usnea: r 2 = 0.086, p = 0.002; Fig. 4 ). The biomass of these taxa first increased with tree age from 50 to approximately 150 years and then decreased on trees >150 years old (Fig. 4) .
Lichen biomass at the stand level
Biomasses of Bryoria, Evernia, and Usnea at the stand level were 133.1 ± 72.7 kg/ha, 11.5 ± 5.0 kg/ha, and 2.8 ± 1.9 kg/ha, respectively. Biomasses of Bryoria, Evernia, and Usnea at the stand level varied significantly with age classes (Table 6 ). Bryoria and Usnea biomass were lower in 50-100 year class and higher in 101-150 year and 151-200 year classes, whereas Evernia biomass was lower in >200 year class (Table 6 ).
Discussion
Results from this study showed that lichen biomass is overwhelmingly dominated by Bryoria in black spruce forests of the Clay Belt; this genus is generally more abundant by a factor of 10 compared with Evernia and Usnea. Nonetheless, the three lichen taxa appear to share relatively similar ecological niches; for example, biomass at the stand level of both Bryoria and Usnea was higher in mature and overmature (*101-200 years) stands compared with younger (50-100 years) and older (>200 years) stands. This pattern contrasts with what is generally reported in boreal ecosystems, i.e., a maximal abundance of epiphytic lichens in later age classes (Hyvarinen et al. 1992; Esseen et al. 1996; Dettki and Esseen 1998) . Lichen biomass was also higher for the three lichen taxa on large trees, and in midcrown positions. In the following sections, we will examine the mechanisms responsible for these trends at the stand, tree, and branch scales. 
Effect of stand characteristics on epiphytic lichen biomass
The gradient of time since fire is related to the gradients of light and humidity and to the development of a stand structure favourable for lichen establishment and growth (Neitlich 1993; Sillett and McCune 1998; Lehmkuhl 2004 ). Contrary to young dense and even-aged stands, the more open and diverse structure of old forests allows a greater penetration of light and humidity (Geiger 1966; McCune 1993; Neitlich 1993) and favours the colonization and accumulation of lichen biomass (Uliczka and Angelstam 1999; Lehmkuhl 2004 ). Many studies have suggested that light increase in canopy openings following natural disturbance or stand thinning increased lichen epiphytic growth and diversity (Neitlich and McCune 1997; Peterson and McCune 2001; Stevenson and Coxson 2007) . Additionally, low light levels in young stands may compromise lichen establishment via limitations on hyphal growth (Hilmo and Sastad 2001) and lichen growth if respiration is favoured to the detriment of photosynthesis (Uliczka and Angelstam 1999) . However, in circumstances where canopies are very open, lichen biomass accumulation can be greatly reduced. This can be attributed to two factors. Firstly, when canopy openings are very abundant, tree density is often very low, leading to reduced availability of substrates for colonization by epiphytic lichens (Jaakkola et al. 2006) . Very low tree densities occur in our study in the >200 year age class compared with 50-100 and 101-150 year age classes (Table 1) because of paludification, which inhibits the recruitment and the growth of young trees in older forests (Lecomte et al. 2006 ). Secondly, when canopy gaps are too large and (or) develop rapidly, this can lead to environmental conditions that become unfavourable for lichen biomass accumulation. Greater wind penetration in very open stands, in particular, can lead to fragmentation of epiphytic lichens, limiting biomass accumulation. Increases in light and temperature may also damage chlorophyll, reduce the duration of hydration episodes in lichens, and decrease the photosynthesis rate (Gauslaa and Solhaug 1996; Nash 1996) . This may explain why we observed a decline of Bryoria and Usnea biomass at the branch and tree level in >200-year-old stands compared with 101-to 200-year-old stands.
According to many authors, propagule dispersal would be the most critical phase in the life cycle of many lichens, and forest continuity has been identified as a very important factor in increasing the probability of successful propagule dispersal and establishment (Stevenson 1988; Dettki et al. 2000; Hilmo and Sastad 2001) . For example, in the case of Bryoria, dispersal is insured by fragments that break from the main thallus by the action of wind, rain, or ice (Esseen 1985; Stevenson 1988; Dettki 1998) . Those relatively large fragments are less efficient than spores or small vegetative propagules for long-distance dispersal (e.g., isidia and soredia) (Esseen et al. 1996 ; Dettki 1998; Peterson and McCune Table 5 . Nested two-way ANOVAs summary for the effects of age classes (age) and tree diameter at breast height (DBH) on biomass per tree of Bryoria, Evernia, and Usnea (n = 144).
Bryoria
Evernia Usnea Note: Significant p values are given in boldface. The random effect site (age class) was tested with the likelihood ratio statistic. The likelihood values for Bryoria, Evernia, and Usnea were 12.5 (p < 0.05), 40.0 (p < 0.05), and 16.4 (p < 0.05), respectively. Fig. 3 . Biomass of Bryoria, Evernia, and Usnea at the tree level by age class (a) and diameter at breast height (DBH) class (b). Data are means of untransformed data, and error bars are SDs (n = 144). Nested two-way ANOVAs were used to compare means between different age classes and DBH classes. Means with different letters differed significantly (p 0.05) according to least squares means Tukey's honestly significant difference tests. Fig. 4 . Regressions of residuals from the regressions conducted between biomass and tree age for Bryoria (a), Evernia (b), and Usnea (c) versus tree diameter at breast height (DBH) and of residuals from the regressions conducted between biomass and tree DBH for Bryoria (d), Evernia (e), and Usnea (f) versus tree age. Lines are shown only for significant relationships (n = 144). 2001). However, as observed for U. longissima (Gauslaa et al. 1998) , Bryoria fragments may insure within-stand dispersal efficiently; once established within a stand, the population may increase relatively quickly. Usnea have a central cord that make them more resistant to fragmentation. Thus, for most Usnea species, dispersal is mostly insured by soredia (Halonen et al. 1998) . Our results show that Usnea species were more frequently encountered within stands between 101-150 and 151-200 years old than within stands between 50 and 100 years old, and thus, a colonization delay could also explain their lower biomass in young stands. However, poor light conditions may also be responsible of the low abundance of Usnea in young stands. In fact, according to Halonen et al. (1998) , Usnea are photophilous species and are preferentially found in well-lit habitats. Similarly, E. mesomorpha was abundant in our 50-to 100-yearold stands. Evernia mesomorpha is a species that disperses mainly from soredia, although spores are sometimes observed (Piercey-Normore 2006) and would have better longdistance dispersal capabilities than either Usnea or Bryoria. Although E. mesomorpha is often found in open forests (Brodo et al. 2001) , our results suggest that more shaded habitats (such as our 50-to 100-year-old stands) are also conducive to growth of this species.
Impacts of tree age and tree size on epiphytic biomass
Many studies have shown a relationship between tree age and epiphytic lichen biomass (Esseen et al. 1996; Boudreault et al. 2000 Boudreault et al. , 2002 . Old trees generally host a more abundant epiphytic flora for at least two reasons. Firstly, they are exposed to colonization for longer periods, thus increasing their chance of being successfully colonized by lichen propagules. Secondly, substrate and microclimate instability induced by tree growth decreases with time, which can also favour lichen establishment and biomass accumulation (Stevenson 1985; Neitlich 1993) . For example, Uliczka and Angelstam (1999) have shown that conifers with a slower growth rate have a greater number of species than conifers with a faster growth rate. On the other hand, our results showed that the relationship between tree age and epiphytic biomass is not linear: beyond 150 years old, Bryoria and Usnea biomass per tree tends to decline. The decrease in branch number due to branch mortality with tree aging could explain the decrease of epiphytic biomass on older trees as hypothesized by Rolstad and Rolstad (1999) . Our results support this hypothesis because the number of branches decreased as a function of tree age (see Table 2 ).
Epiphytic biomass is generally higher on trees with larger DBH (McCune 1993; Lyons et al. 2000; Campbell and Coxson 2001) . Longer branches, higher numbers of branches, and higher tree heights may explain the higher biomass observed on large-diameter trees (>16 cm) compared with small-diameter trees (<16 cm) in this study. Large trees may also have a better capacity to intercept propagules, nutrients, and humidity than small trees (Lyons et al. 2000) , and their bark may have chemical and physical properties (e.g., rougher bark) more favourable to lichen establishment and interception of lichen propagules than small trees (Johansson and Ehrlén 2003) .
Impacts of branch height and branch characteristics on epiphytic biomass
Vertical zonation of epiphytes related to gradients of light and humidity has been observed in many studies (e.g., McCune 2000; Campbell and Coxson 2001; Coxson and Coyle 2003) . For example, many authors have found that Bryoria spp. biomass increases, whereas Alectoria sarmentosa (Ach.) Ach. biomass decreases with tree height (Arseneau et al. 1997; Campbell and Coxson 2001; Coxson and Coyle 2003) . In part, differences in the level of tolerance to duration of hydration could be responsible for this zonation (Goward 1998; Campbell and Coxson 2001; Coxson and Coyle 2003) . Lichens located in the lower canopy are exposed to more uniform humidity conditions. Those in the upper canopy are generally exposed to a drier environment; even if they are hydrated more often, they also dried more quickly (McCune 1993) . Results of this study indicate that Bryoria and Usnea are significantly more abundant in the intermediate canopy, and no distinct vertical zonation among the species groups has been observed. Because tree heights were relatively small in our study compared with those reported elsewhere (e.g., 25 m in Coxson 2001 and up to 65 m in McCune 1993) , it is possible that differences in environmental conditions between the three height classes were not large enough to create distinct ecological niches.
The peak of Bryoria and Usnea biomass in the intermediate canopy may reflect the species' ecological requirements and branch quality (e.g., branch vitality, branch length, and number of branches). In the intermediate height stratum, branches were longer than in the higher stratum; these branches are also lower on the tree, and thus older, and conditions of humidity and sunlight were probably more stable than in the higher stratum. Microclimatic conditions such as higher wind exposure and snow accumulation have been evoked to explain the low accumulation of epiphytic lichens on branches of the top of the trees (Arseneau et al. 1997 ). Our results suggest that variation in lichen biomass between intermediate and upper positions for Bryoria, Usnea, and Evernia is mostly influenced by branch size and the number of branches rather than by microclimatic conditions. When branch length is integrated as a covariate in the models, differences between intermediate and upper positions were no longer significant. Thus, Bryoria and Usnea, which are adapted to moderately dry to dry environments (Edwards and Ritcey 1960; Brodo and Hawksworth 1977; McCune 1993) , may colonize and have high biomass accumulation rates in branches of the upper stratum (when individual thalli are considered) (Arseneau et al. 1998 ), but the fact that branches are shorter in that stratum seems to limit overall lichen accumulation. In lower canopy positions, the low light level, the high humidity level, the higher snow cover, the low number of branches due to self-pruning, and the high number of branches without bark may limit the growth and establishment of lichens. For instance, Bryoria are particularly vulnerable to long periods of hydration, and they have high decomposition rates under the snow cover (Goward 1998; Campbell and Coxson 2001; Coxson and Curteanu 2002) .
Conclusion
Our results showed that forest stands that have reached intermediate successional stages (between 101 and 200 years) contain a higher biomass of epiphytic lichens (Bryoria and Usnea) compared with younger (50-100 years) and older (>200 years) stages. Because our study did not focus on particular species but rather on species groups and because there may be other organisms or other lichen species that are associated with the older forest stages (>200 years), the conclusions of this study should be interpreted with caution. Indeed, within the same genus, some species may require different environmental conditions. For instance, in the same study area, Boudreault et al. (2002) showed that B. furcellata tends to be more abundant in younger forests.
Partial cuts that maintain or emulate structural characteristics of old forests should be used in lieu of even-aged silvicultural systems if the priority is to maintain a high epiphytic lichen biomass. It is also the safest way to maintain the reservoir of epiphytic lichen diversity. Particular attention should be paid to the preservation of old (101-150 years) and large trees (>16 cm DBH), as our results demonstrate that they are most important for lichen communities. The creation of canopy gaps by partial cuts could also increase penetration of light and humidity and favour lichen growth. However, canopy gaps that are too large could have the opposite effect 2 .
When even-aged silvicultural systems are used, which is likely to remain the case in most of the Canadian boreal forest, the retention of large and old trees in regenerating areas, especially where these are maintained in small patches that buffer microclimate, will favour recolonization of young trees and maintain epiphytic lichen diversity. At the landscape level, because the different forest stages are likely to contain different species assemblages, it is essential to preserve a certain abundance of all forest successional stages in the regional forest mosaic. For the epiphytic lichen groups in this study, the protection of a significant proportion of postfire stands aged between 101 and 200 years should be prioritized because they contain a higher epiphytic biomass and because they are the most intensively exploited by the forest industry due to their high wood volume (Simard et al. 2007 ).
